Bioactivity-directed fractionation of the organic extracts of two filamentous fungi of the Bionectriaceae, strains MSX 64546 and MSX 59553 from the Mycosynthetix library, led to the isolation of a new dimeric epipolythiodioxopiperazine alkaloid, verticillin H (1), along with six related analogs, Sch 52900 (2), verticillin A (3), gliocladicillin C (4), Sch 52901 (5), 11 0 -deoxyverticillin A (6) and gliocladicillin A (7). The structures of compounds 1-7 were determined by extensive NMR and HRMS analyses, as well as by comparisons to the literature. All compounds (1-7) were evaluated for cytotoxicity against a panel of human cancer cell lines, displaying IC 50 values ranging from 1.2 mM to 10 nM. Compounds 1-5 were examined for activity in the NF-kB assay, where compounds 2 and 3 revealed activity in the sub-micromolar range. Additionally, compounds 1, 3 and 4 were tested for EGFR inhibition using an enzymatic assay, while compound 3 was examined against an overexpressing EGFR þ ve cancer cell line.
INTRODUCTION
Dimeric epipolythiodioxopiperazine (ETP) alkaloids are bioactive secondary metabolites reported to have potent cytotoxic 1-10 and antibacterial activities, [11] [12] [13] [14] [15] [16] along with antiparasitic, 17 nematicidal, 18 antiviral 19 and immunosuppressive properties. 20 This class of compounds has been isolated largely from several terrestrial and marine fungi, including species of the Leptosphaeria, Chaetomium, Tilachlidium, Verticillium, Gliocladium and Penicillium genera. 21 The densely functionalized and stereochemically complex core of these alkaloids, coupled with their potent biological activities, presents an attractive target for drug leads. Although the ETP alkaloids have been known for over four decades, with chatecocin 22 and verticillin A 16, 23, 24 first described in 1970, only 23 other natural analogs have been described since then. The first total synthesis (11, 11 0 -dideoxyverticillin A), 25 which stymied chemists for nearly 40 years, was hailed in Science. 26 Ongoing studies by this same group 27 resulted in a synthetic strategy to generate the di-, tri-and tetrasulfides, ( þ )-chaetocin A, ( þ )-chaetocin C and ( þ )-12,12 0 -dideoxychetracin A, respectively, with complete stereochemical control in thiolation and precision in the degree of sulfidation. The mechanism of action for the potent cytotoxicity of the ETPs has not been fully elucidated.
However, several different activities have been described, including: generation of reactive oxygen species through oxidation of the polysulfide bridge, 2 intracellular induction of the c-fos protooncogene, 28 inhibition of the epidermal growth factor receptor (EGFR) tyrosine kinase activity 3 and more recently, apoptosis activation by BNIP3 (19 kDa interacting protein-3) upregulation and/or TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) sensitizer. 29 Interest in these compounds remains high, because of both their potent biological activities and interesting chemistry.
As part of ongoing studies to discover new anticancer drug leads from filamentous fungi, 30,31 the organic-soluble extracts of solid substrate fermentation of fungi of the Bionectriaceae, cultures MSX 64546 and MSX 59553 from the Mycosynthetix library, exhibited cytotoxic activity against MCF-7 (breast), H460 (large cell lung) and SF-268 (astrocytoma) human cell lines that was indicative of IC 50 values o2 mg ml À1 for the crude extracts. Preliminary LC-HRMS dereplication procedures suggested the presence of the known ETP, verticillin A (3), as well as characteristic fragmentation patterns for related and possibly new ETPs, both of which likely contributed to the cytotoxicity of the extracts. Therefore, bioactivity-directed fractionations were initiated using H460 cancer cells to monitor the purifications, and this led to the isolation of a new ETP, verticillin H (1), along with six known verticillin-type compounds, Sch 52900 (2), verticillin A (3), gliocladicillin C (4), Sch 52901 (5), 11 0 -deoxyverticillin A (6) and gliocladicillin A (7). All pure isolates were assessed for cytotoxicity against additional cancer cell lines. Compounds 1-5 were examined in an NF-kB inhibition assay, while compounds 1, 3 and 4 were tested in vitro for EGFR inhibition using an enzymatic assay, and 3 was examined against an overexpressing EGFR þ ve cancer cell line.
RESULTS AND DISCUSSION

Identification of ETPs
Bioactivity-directed purification of the organic extracts of fungal strains MSX 64546 and MSX 59553 led to the isolation of seven cytotoxic ETPs (1-7; see Figure 1 ), including the new compound, verticillin H (1). An LC-HRMS dereplication procedure (Figure 2 ), which utilized molecular formula, exact mass and UV maxima (204, 240 and 301 nm) as search criteria in the Dictionary of Natural Products and SciFinder databases, coupled with NMR analysis of pure isolates (Supplementary Table S1 ), confirmed that compounds 2-7 belong to the ETP class of fungal natural products. The data for the known compounds matched the literature for Sch 52900 (2), 28 verticillin A (3), 23 gliocladicillin C (4), 32 Sch 52901 (5), 28 
11
0 -deoxyverticillin A (6), 9 and gliocladicillin A (7); 1 Supplementary Table S1 compiles the 1 H and 13 C data for these compounds in CDCl 3 .
Structure elucidation of verticillin H (1)
The HRMS data of compound 1 yielded a molecular formula C 32 H 32 N 6 O 6 S 4 . The IR data suggested the presence of carbonyl (1673 cm À1 ), hydroxy (3402 cm À1 ) and aromatic (1685 and 1429 cm À1 ) moieties. The UV spectrum of 1 exhibited absorption maxima at 204, 240 and 301 nm, as observed with similar epipolythiodioxopiperazine analogs. 9, 15, 23, 24 Although the 13 0 with the quaternary carbon C-3/ C-3 0 (d C 77.0), the secondary carbon C-13/C-13 0 (d C 24.6) and the amide carbonyl C-4/C-4 0 (d C 161.5), established the connection of the ethyl side chain to position C-3 and C-3 0 in each monomeric unit. In turn, these two units were connected via the C-10b to C-10b 0 bond by virtue of HMBC correlations of the methine proton H-5a/H-5a 0 (d H 5.7) with the quaternary carbons C-6a/C-6a
, respectively; such a connection was consistent with other ETP alkaloids in the literature. 9, 11, 15, 24 All other NMR data and HMBC correlations for 1 were consistent with the structural assignment (Figure 1 ), and compound 1 was ascribed the trivial name verticillin H. The absolute configuration of 1 was determined by comparison of the optical rotation values and CD spectra with those reported for several verticillin analogs. 9, 11, 15 Biological activity Inhibition of cancer cell proliferation in vitro. All isolates (1-7) were evaluated for cytotoxic activity against HT-29, H460, SF-268, MCF-7 and MDA-MB-435 cell lines (see Table 2 ). Previously, Erkel et al. 20 reported the cytotoxicity of 2 against HL60 (leukemia) cells; Katagiri et al. 23 described the effect of 3 against the Ehrlich ascites carcinoma in mice and HeLa cells; and Che et al. 32 showed that 4 exhibited high cytotoxic activity on A549 (adenocarcinoma) and HepG2 (hepatocellular carcinoma) human cell lines. However, this is the first report of the simultaneous evaluation of 1-7 against all the cancer cell lines listed above. In general, all of the compounds displayed potent cytotoxicity, approaching the activity of the positive controls. However, as suggested by Gardiner et al., 21 side chain modifications did not change the cytotoxicity of these compounds drastically.
Transcription factor NF-kB assay. Phal et al. 33 reported the inhibition of NF-kB in cells by glyotoxin, the first monomeric ETP characterized from Gliocladium fimbriatum. 21 The inhibitory effect of this compound was attributed to a possible interaction within an essential thiol residue of the cysteine rich extracellular domains of the protein. 21, 33 As NF-kB factor is an integral part of the inflammatory immune response and controls expression of some cytokines, its inhibition may account for the cytotoxic and immunosuppressive properties of dimeric ETPs. Compounds 1-5 were examined for NFkB inhibitory activity (Table 2) . Compounds 2 and 3 inhibited the specific binding ability of activated p65 subunits of NF-kB in the nucleus of HeLa cells with IC 50 values of 0.5 and 0.1 mM, respectively, being approximately a half-order of magnitude less potent than the positive control (rocaglamide). These results were in agreement with the recently reported effect of verticillin A (3) as a sensitizer of human colon carcinoma cells to TRAIL-induced apoptosis. 29 EGFR activity. 11,11
0 -Dideoxyverticillin, a structurally-related ETP isolated from the traditional Chinese medicinal herb Shiraia bambusicola, 3 showed tyrosine kinase inhibitory activity in a cell-free ELISA assay against the EGFR, VEGFR-1/Flt-1 (the vascular endothelial growth factor receptor-1/fms-like tyrosine kinase-1) and HER2/ErbB-2 (the human EGFR-2), with activity in the nM range for the former two and mM range for the latter. To the best of our knowledge, those studies represent the first report of enzymatic inhibition of dimeric ETPs. Based on those results, compounds 1, 3 and 4 were tested for EGFR inhibition using a luminescence kinase assay, but none of these substances were found to be active (IC 50 values 410 mM; positive control lapatinib, IC 50 13 nM; Figure 3 ). To further assess whether these compounds exert their cytotoxic activity in an EGFR-dependent manner by targeting EGFR expression/activity in a cellular system, compound 3 was tested for cytotoxicity against EGFR þ and EGFR À (EGFR þ ve and HuTu-80, respectively) cell lines. Figure 4 (top panel) shows western immunoblot data that indicates no EGFR protein versus very high EGFR protein levels in HuTu-80 and EGFR þ ve cells, respectively. However, such a large difference in EGFR levels among the two cell lines did not result in any biological differences in the activity of compound 3 in these two cell lines (Figure 4 ; lower panels).
Together, these observations suggest that the agent has strong cytotoxic activity independent of cellular EGFR levels. We have not identified 11,11 0 -dideoxyverticillin in the cultures we have studied to date. Hence, we have not been able to determine if the literature data are reproducible.
CONCLUSIONS
Using bioactivity-directed fractionation and a LC-UV-HRMS dereplication protocol, one new compound, along with six known ETPs were isolated from the organic extracts of two fungi of the Bionectriaceae (strains MSX 64546 and MSX 59553). The isolated ETPs were potently cytotoxic against a panel of human cell lines in culture. Compounds 1-5 were tested for NF-kB inhibitory activity, with compounds 2 and 3 having IC 50 values in the sub-micromolar range. Based on literature precedence, some of the isolates were examined for activity vs EGFR; however, no activity was observed when tested against both enzyme-based and cell-based assays. Regardless, the potent cytotoxicity of these compounds, which was on the same order of magnitude as the positive control, camptothecin, coupled with the promising NF-kB activity, warrants further exploration of the ETPs.
METHODS General
Optical rotations, UV spectra, IR spectra and CD spectra were obtained on a Rudolph Research Autopol III polarimeter (Rudolph Research, Hackettstown, NJ, USA), a Varian Cary 100 Bio UV-vis spectrophotometer (Varian Inc., Walnut Creek, CA, USA), a Perkin-Elmer Spectrum One with Universal ATR 
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LC-UV-HRMS dereplication procedure
UPLC-HRESIMS conditions. Sample concentration, 1.0 mg ml Data analysis. Using a combination search of proposed molecular formulas, exact mass and UV maxima corresponding to the major peaks in the Dictionary of Natural Products (Chapman and Hall, London, UK) and SciFinder databases (Chemical Abstracts Service, Columbus, OH, USA), the samples with unknown molecular formulas were designated for further purification.
Producing organisms and fermentations
Mycosynthetix fungal strains 64546 and 59553 were isolated by Dr Barry Katz in May of 1992 and January of 1992 from leaf litter and leaves, respectively. DNA analyses were performed by MIDI Labs (Newark, DE, USA), and the D2 variable region of the large subunit rRNA was sequenced and compared with their database, which suggested that these fungi belong to the Bionectriaceae family (order Hypocreales); the sequences were deposited in Genbank (accession numbers JQ749727 and JQ749725 for MSX 64546 and MSX 59553, respectively). The cultures were stored on malt extract slants and transferred periodically. Fresh cultures were grown on similar slants, and a piece of each culture was transferred individually to a medium containing 2% soy peptone, 2% dextrose and 1% yeast extract (YESD media). Following incubation (7 days) at 22 1C with agitation, the cultures were used to inoculate 50 ml of rice media, prepared using rice to which was added a vitamin solution and twice the volume of rice with H 2 O, in 250 ml Erlenmeyer flasks. These were incubated at 22 1C until the cultures showed good growth (B14 days) to generate the screener cultures. The scale-up cultures were treated in a similar manner but grown in 2.8-L Fernbach flasks (Corning, Inc., Corning, NY, USA) containing 150 g rice and 300 ml H 2 O. These were inoculated using the seed cultures grown in the YESD media and were incubated at 22 1C for 14 days.
Extraction and isolation
To the small-scale cultures on rice were added 60 ml of 1 : 1 MeOH-CHCl 3 , and the mixtures were shaken for 16 h on a reciprocating shaker. The solutions were filtered, and equal volumes of H 2 O and CHCl 3 were added to the filtrate to bring the total volume to 250 ml. The solutions were stirred vigorously for 1 h, partitioned in a separatory funnel, and the bottom, organic layers were concentrated by rotary evaporation to dryness. Then, each extract was defatted by stirring vigorously for 1 h in a mixture of 50 ml MeOH, 50 ml CH 3 CN and 100 ml hexane and then partitioned in a separatory funnel. The bottom layers were collected and evaporated to dryness. The scale-up solid fermentations on rice were extracted using the same procedures, except that the extraction volumes were adjusted as follow: 500 ml 
Cytotoxicity assay
The cytotoxicity measurements against the MCF-7 34 human breast carcinoma (Barbara A Karmanos Cancer Center, Detroit, MI, USA), NCI-H460 35 human large cell lung carcinoma (HTB-177, American Type Culture Collection (ATCC), Manassas, VA, USA), SF-268 36 human astrocytoma (NCI Developmental Therapeutics Program), HT-29 37 human colorectal adenocarcinoma (HTB-38, ATCC) and the MDA-MB-435 38 human melanoma (HTB-129, ATCC) cell lines were performed as described in detail previously. 39 
EGFR enzymatic assay
Measurement of EGFR tyrosine kinase inhibitor activity for compounds 1-7 was performed by BPS Biosciences (San Diego, CA, USA). Detailed experimental descriptions are provided in the Supporting Information as well as via protocols available at http://www.bpsbioscience.com.
EGFR þ ve cell assay
Human EGFR positive (EGFR þ ve ) and EGFR negative (HuTu-80) cells were cultured under standard conditions, and total cell lysates were prepared from sub-confluent cultures and analyzed by standard immunoblotting for total EGFR levels as described earlier. 40 In other studies, both cell lines were treated with indicated concentrations of the agent and after desired time, both total and dead cell numbers were determined using a hemocytometer, using methods described previously. 40 
